There are a few experimental and numerical studies on the behavior of microscale vortex tubes. The intention of this work is to investigate the energy separation phenomenon in a micro-scale vortex tube by using the computational fluid dynamic. The flow is assumed as steady, turbulent, compressible ideal gas, and the shear-stress transport k-ω is used for modeling of turbulence phenomenon. The results show that 3-D computational fluid dynamic simulation is more accurate than 2-D axisymmetric one. Moreover, optimum cold-mass ratios to maximize the refrigeration-power and isentropic
Introduction
Vortex tube or Ranque-Hilsch vortex tube (RHVT) was first discovered by a French physicist Ranque and was granted by him as a patent in 1934 [1, 2] . After that Hilsch [3] , a German engineer reported some other characteristics of vortex tubes based on his theoretical and experimental studies. Vortex tubes have no moving parts, compact in size, and their construction is easier than other refrigeration systems. They consist of an entrance block of nozzles, an orifice plate, an adjusting cone-shape valve and inlet and outlet exits. The main remarkable feature of RHVT is their ability to separate cold and hot streams from a source of high-pressure inlet gas. When a high-pressure gas tangentially enters the vortex tube through one or more inlet nozzles, its expansion creates a rapidly spinning vortex. The spinning gas goes through the pipe, some portion of its leave the tube at hot outlet, and the other forced back along the central axis by adjusting valve. Compare to inlet stream, the periphery of the tube has a high temperature, and the central portion has a low temperature. This phenomenon is known as temperature separation in the vortex tubes. Vortex tubes are classified into two types: counter-flow and uni-flow tubes. If the hot and cold exits are located at the same side, the vortex tube is called uni-flow; otherwise, it is a counter-flow vortex tube. Commercially, --------------fields and species mass fractions in a vortex tube. They showed that axial and azimuthal velocities are dominant parameters. They also reported that cold mass fraction was varied by varying hot exit pressure. Hossein-Nezhad and Shamsoddini [21] compared 2-D and 3-D numerical modeling of the flow stream in a vortex tube. They concluded that the results of a 3-D model, are more accurate than 2-D one. Moreover, in another study [22] they reported that when the number of nozzles is increased, the power of cooling increases and the cold outlettemperature decreases. Dutta et al. [23] compared several different turbulence models and concluded that the results of standard k-ε model are the closest to the experimental results.
Most of previous experimental and numerical studies have been conducted on the fairly large tube diameters (i. e. 10-25 mm) [24] . A micro-scale vortex tube (MVT) has a good potential for small-scale cooling applications such as cooling of the electronic chips. To the best knowledge of the authors of the present paper, there are not enough investigations on the field of micro-scale vortex tubes. Dyskin and Kramarenko [25] were the first researchers that conducted some experimental procedures to determine the performance characteristics of a micro-scale vortex tube. Their tube had an operating pressure ratio of 6 and diameters of 1 mm, 2 mm, and 3 mm. They reported that, by decreasing of flow-rate, the cooling effect decreases. Hamoudi et al. [26] experimentally investigated the separation performance of a micro-scale vortex tube. They conducted some experiments over a wide range of working pressure, different cold air mass ratio, different tube length, and orifice diameters. The results of their experiments at low Reynolds numbers showed that when the Reynolds number increases, the dimensionless temperature increases. They also concluded that, at high inlet pressure, the optimum cold air mass fraction is not constant, and it is higher than the conventional vortex tubes. However, the effect of L/D and D c /D ratios are similar to those in the conventional devices.
As mentioned before, there are few works on the investigation of flow characteristics in micro-scale vortex tubes. The aim of the present work is to investigate the energy separation phenomenon in a typical micro-scale vortex tube by using of computational fluid dynamic. In addition, distributions of the pressure, static temperature and velocity components are obtained to study the flow characteristics in the micro-scale vortex tube.
Numerical model formulation
In this study, the numerical analysis of fluid regime in a micro-scale vortex tube is performed. Because of the small size of nozzles, it is essential to check the validation of continuum model in the micro-scale vortex tube. The continuum model is not valid, when the characteristic dimension is comparable to the mean free path of the molecules. The ratio of the mean free path to the characteristic length, defines an important dimensionless parameter, called the Knudsen number, and it is given by [24, 27] : 
For the values of Kn 0.001, ≤ the flow-regime is continuum. At the inlet nozzles, the Knudsen number is equal to 5 Kn 8.96 10 , − = ⋅ so it is possible to apply the Navier-Stokes and energy equations in the flow simulation. Furthermore, the velocity and the temperature of the fluid at the boundary is the same as those of the wall.
The flow regime in a vortex tube is mainly classified into two parts: near-wall and central regions. The flow in the central region has a higher level of turbulence and mixing, so using of k-ε turbulence model is preferred. On the other hand, due to the viscosity effect, the flow near the walls has low velocity with lower value of turbulence, so k-ω turbulence model is the best choice for the numerical simulation of the flow field near the walls. The shearstress transport SST k-ω model, developed by Menter [28] , effectively and accurately combines the formulation of k-ω and k-ε turbulence models by using a blending function. The blending function activates k-ω model near the wall, and k-ε model in the central region of the vortex tube. This modification improves the prediction of the flow with strong adverse pressure gradients and separation [29, 30] .
In this study, the flow is assumed as steady, turbulent, compressible and the governing equations for fluid flow and heat transfer are:
-continuity equation
-energy equation
State equation for an ideal gas is:
The term of
is called the Reynolds stress and must be modeled to close the eq. (3). Boussinesq hypothesis is a common method for modeling the Reynolds stresses, and it is given as:
eff t µ µ µ = +
Using SST k-ω model, ω and k satisfy the equations:
More details about the terms of
Y ω and S ω can be found in [29] [30] [31] .
Theoretical background
In order to evaluate the performance of a micro-scale vortex-tube, some operational parameters should be calculated as:
-total temperature difference
-non-dimensional cold air temperature * c c in
-refrigeration capacity c c p c
-isentropic efficiency c is cs
-isentropic temperature difference [32, 33] ( 1)/ atm cs in cs in in
-cold mass ratio c c in
Solution procedures
As shown in figs. 1 and 2, to investigate the flow structure and energy separation phenomena, two types of the micro-scale vortex tube, a 3-D and an axisymmetric 2-D one, were simulated by using Fluent 6.3.26 software.
The 3-D model has four inlet nozzles with 2 0.382 0.164 mm × cross-sectional area. However, in 2-D one, the inlet is modeled as a continuous annular opening with a crosssectional area equals to the total area of four inlet nozzles. Moreover, the diameter of the cold outlet has been chosen so that its area is the same as the cold-outlet area in 3-D modeling. Table 1 shows the other dimensions of both 3-D and 2-D geometries. In addition, in 3-D modeling, the conic-valve at the hot end is simulated as a radial outlet.
In this study, the experimental results reported by Hamoudi et al. [26] are used as boundary conditions. The boundary conditions are: -mass flow inlet ( -pressure-outlet boundary conditions with backflow turbulent kinetic energy of 1 m 2 /s 2 , backflow specific dissipation rate of 1 1/s, and backflow total temperature of 300 K were used for both hot and cold outlets; for cold-outlet its value was equal to atmospheric pressure and, for hot-outlet its value was varied to control the hot-outlet mass fraction [14, 22] , and -adiabatic and no-slip boundary conditions were considered at the walls. In Fluent 6.3.26, the governing equations of fluid flow are solved by the finitevolume method. For the convection-diffusion formulation, PRESTO was used as a pressure interpolation scheme and second-order upwind was used for others. The pressure-velocity coupling was also handled by using the SIMPLE algorithm, described by Patankar [34, 35] . The air is also considered as an ideal gas with constant specific heat and variable viscosity and thermal conductivity. The solution is considered to be fully converged when the values of the scaled-residuals from iteration to iteration are smaller than a prescribed value 10 −7 for the energy equation and 10 −5 for others. Grid dependency tests have been done for all configurations investigated. The grid independency is attained when the percent changes of total temperature difference and tangential velocity are smaller than a given accuracy value 1%. Total numbers of nodal point for 2-D and 3-D modeling are 14675 and 146500, respectively. Figures 3 and 4 show the griddependency plots for the 2-D and the 3-D micro-scale vortex tubes, while fig. 5 shows the typical grids used for the CFD simulations. In order to validate the numerical modeling, the results of CFD-simulations have been compared with the experimental results, reported by Hamoudi et al. [26] . The results of comparison are shown in figs. 6-8. On the other hand, the maximum deviations from the experimental-results for 2-D and 3-D simulations are shown in tab. 2. The results indicated that, both numerical and experimental methods have a very good agreement in the prediction of optimum cold mass-ratio y c . However, the prediction of 3-D simulation is generally more accurate than 2-D one. The results also imply that 3-D CFD simulation has a very good prediction in the lower ranges of cold mass-ratios. T is achieved at y c = 0.58, which is the point of maximum-efficiency according to fig. 7 . However, as shown in fig. 8 , the maximum refrigeration power is obtained when the cold mass-ratio is equal to y c = 0.65. These results are in accordance with the experimental results of commercial vortex-tubes, reported by Skye et al. [16] . 
Results and discussions
To study the flow field in the micro-scale vortex tube, the results of a 3-D CFDsimulation for the case of P in = 200 kPa, and y c = 0.58, in which the optimum * c T is occurred, have been used. The variation of tangential velocity along radial-direction for different cross--sections of the micro-scale vortex tube is shown in fig. 9 . It is concluded that the tangential velocity near the inlet-zone is greater than those of the other zones. This is because of decreasing in the tangential velocity alongside the vortex tube as a result of wall friction and friction between the fluid-layers. Moreover, due to the existence of a forced-vortex in most central parts of the tube, the tangential velocity linearly increases to its maximum value at r ≈ 0.8 R. After that it rapidly decreases to zero. This is because of the presence of a free vortex zone due to the viscous boundary layer near the wall [36] .
The variation of axial velocity along the radial direction is shown in fig. 10 . The axial velocity is zero near r = 0.75 R, which is the separating-line between hot and cold streams.
For the values of r > 0.75 R, the direction of flow is toward the hot-outlet, and for the values of r < 0.75 R, its direction is toward the cold-outlet. The temperature separation was happened because of some parameters. It was reported that the sudden expansion in the entrance region and the compression of air at the peripheral zone, are the main reasons for the temperature separation in a vortex tubes. The static pressure distribution along the radial direction for different cross-sections of the tube was shown in fig.  11 . The results show that for the values of r < 0.75 R, the static pressure increases by moving from inlet nozzles toward the hot-outlet. This means that there exists a flowing stream from hot-outlet to cold-outlet in the central part of the tube. However, for the values of r > 0.75 R, the static pressure decreases along the axial direction and so, the direction of flow is toward the hot-outlet. Moreover, the static pressure was constant on the separating-line between hot and cold streams. The streamlines, for peripheral and central zones of the micro-scale vortex tube, are shown in figs. 12 and 13. The static temperature gradient may be another reason for the temperature separation phenomenon. Figure 14 shows the tempera- ture distribution as a function of radius, along the micro-scale vortex tube. It is seen that, in the core-zone of the tube, the static temperature rapidly decreases from the hot-outlet toward the cold-outlet. However, it slightly increases in the peripheral zone of the micro-scale vortex tube. Behera et al. [36] reported that, in a large-scale vortex tube, the static temperature radially decreases near the entrance region. Figure 14 shows that this phenomenon is also happened in a micro-scale vortex tube as a result of flow expansion after leaving of inlet nozzles. Moreover, it is seen that, except near the entrance zone, the static temperature is radially constant in the core-zone of the micro-scale vortex tube. The variation of total velocity as a function of radius is shown in fig. 15 . It can be concluded that, the velocity magnitude rapidly varies in the radial direction unlike the static temperature distribution. This means that the temperature-separation in the micro-scale vortex tube is a function of the variation of kinetic energy, and the expansion of air in the radial direction. The effects of tube-length on isentropic efficiency and refrigeration capacity are shown in figs. 16 and 17. Conclusion is that in a fixed cold-mass ratio, the effect of tubelength increases when y c approaches to the optimum value of cold-mass ratio. On the other hand, the refrigeration capacity is approximately independent of tube-length for the values of cold-mass ratio smaller than y < 0.35. Contours of static temperature of a micro-scale vortex tube are in fig. 18 . The results show that minimum temperature is happened where the flow leaves the inlet-nozzles. Figure 19 shows the total temperature distribution for the length of L = 20 mm of a micro-scale vortex tube. It is seen that peripheral flow is warm and core flow is cold. 
Conclusions
In this study, the energy separation in a micro-scale vortex tube was investigated by using of the computational fluid dynamic. T and the maximum efficiency are happened at y c = 0.58.
• The maximum refrigeration power is achieved at y c = 0.65.
• The tangential velocity near the inlet-zone is greater than the other zones. This is because of decreasing of the tangential velocity alongside the vortex tube as a result of wall friction and friction between the fluid-layers.
• The value of r = 0.75 R is the separating-line between hot and cold streams.
• Unlike large-scale vortex tubes, the static temperature radially increases near the entrance of the micro-scale vortex tube, which means that, in this region, the expansioneffect on the static temperature is more than that of the large-scale vortex tubes.
• Results of static temperature, velocity magnitude and pressure distributions show that the temperature-separation in the micro-scale vortex tube is a function of the variation of kinetic energy, and the expansion of air in the radial direction. • In a fixed cold-mass ratio, the effect of tube-length increases when y c approaches to the optimum value of cold-mass ratio.
• The refrigeration capacity is approximately independent of tube-length for the values of cold-mass ratio smaller than y < 0.35. 
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